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Fig. 1. Schematic diagram and simulation results of electron irradiation on perovskite samples: (a) Schematic diagram of electron

irradiation; (b) simulation of orbital electron energy spectrum; (c) simulation of electron incident trajectory and enlarged view of

simulation results within cell thickness; (d) energy distribution of incident electrons.
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Fig. 2. XRD patterns and SEM characterization of surface morphology of CsFAMA films before and after electron irradiation:
(a) XRD patterns; (b) lattice strain; (c) top-view SEM images and grain size statistics of pristine film and the films after irradi-
ation with (d) 2x10'" e-cm2, (e) 1x10% e-cm2, and (f) 5x10% e-cm2.
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Fig. 3. Characterization of optical/electrical properties of CsFAMA films before and after electron irradiation: (a) Absorption spec-

tra and energy band gap; (b) photoluminescence spectra; (c) carrier concentration and mobility; (d) dark state I-V curves.
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164.3 cm?V L.s ! FFEH] 134.4 cm?V s, HJl T
25 18%.

SRy 3 M F, - RS E5 BR A YR v o B A v
17254k, §l4 T FTO/Sn0,/CsFAMA /PCBM/Au
Y - AR, R 25 1) v fr FR ) L IAE VS (space-
charge-limited current, SCLC)[2425) il {53155 T A
[F) 75 & H, T4 PR 5 CsFAMA T8 % rp ) B DR 2 ik
FE. SCLC FikA T Z e S -HE (-V)
FRrEf . BYE 15 VIR &8 34
B, HAEE MR B (n = 1), ARZRME I IE
B FERR | (trap-filled limit, TFL) By Bt (n > 2)
FBEBE E H B BE (n = 2). TFL BrBEIF BRI xR AY
HL R AR B B SR R R L . (Vippy), B S D
BB E (1pp,) RN LLHISCFR PO:

2
VirL = ; (3)

o, e HITHAT (1.6x1010 C), d HHEIERE
RELZS A HLHE (8.85x 1012 F-m ), & T AYAH
XA HLUE AL

Kl 3(d) B e i 748 BT S RS S
Vitligk, BT R RE DS BE ny,, 5 FE BIFIE SRR
HlHLE Vipy, BRMEIEA KRR, BT Vg,
AR AR P T gl T LA U 1 g L K B B
AUEE R FZIR . 25 R, 1 iR B A
1x10% e-cm 2 I, CsFAMA WY ny,, HIGINT
AN 8%, FR AR i A 4 ™ AE (Y -2
FOFEE A AN A LG AT S b 75 2k
FIESERD B BIF A TR B2 () B B AR b Bl FL T I AN B
SRS, WAL T AL e, T
BN, TR 1 R SR B 2 BE RGN A B 175
T eI AR TR A B . IR Zad 1x10% e-cm 2
() L T4 IR S CsFAMA JHE5E 1) e B 2 i iy Jie
TREY 3.27x10% cm ® BEINE] T 9.60x10% cm 3. [
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TP 285 B2 P 8 T2 KBS g L A I e ol 7 T 5
M), 5e ORI L RS R G IR M R
3.4 HFEBITFERY KFAREE LA
1z 0p=Al

5 R T F oA R TS BT 2 R Hh i 2R
BRI ], BT LAXT PSCs HEIT 38 IR IE A7 fE
TRRNEN). AT BN A R A R N A 2
5t T ES B UL K A58 R 20 v b 14 BE 1) 5
Wi, 145 7 40 4 CsFAMA-PSCs LIBEPRAS, HA)
LRI RE B 5 B3R (PCE) 2l 21.74%4+1.05%.
HE T A B 1 T TR AR T, i R
h 25 C, EEAIXHEEE K 30%—40%, f+if 200 h
Je R L R PR T RAE , HO IR RES BT HE
il 4 iR, A7 200 h 5, CsFAMA-PSCs BT
REA T N R, Fenl 2 F s v, s A+ FF
Z RN BRI, 22 B B b 45 4 52 3] T /K SR AR k.
{2 FL AR SR BB AR UE 4EHF 90% LA b I W IR 340CR,
HAFE P RE R FEHCR A 20.01%41.30%, TERH TR
A PHE TSR s it A B M R RS e . AR
N FL Tt A T R A B B R AR, T
A7 AR AR E] DL A& T2 A

R S0 AR RS (] B AR 25 B, 7 i T T R 1Y
o YRR 2 0 /A 0 A2 1 3 99 R o S,
AT AR UL 28 6 0 X K BH B FEL Ttb LA /N R ) i I S 56
IR B T IR GE 25 (B A 10, 20 AR EE R

HAEABE R AR IR, Tt A %R R EIR
A5 5 R A R T FR AR OC, T LA FA Yt A b o
S PR S O S T P P B o D O e T S B
L. (HIR R RS o0t — S8 5 Ab B8, e o g
Tk [ ARETCAE, FR AT B L I ) e
[l 52, B e b )3 KRy 2728, 5 EER i T E
TR ARSI T, PSCs 451 rh A BBk A1
AEFWARES, 5 IR IS TR B BHE BRI
BRI S MR AR R R, 2SR R
i LR SUNEIE A 3 = Ie G IR RS I B/ 3ESE -8
A, FRAR T MR Y AR Y s A AR v B, DTt F b P
AEm . Hit, 7 CsFAMA-PSCs ) H, 58 IR 5256
th, SR T IR H R R X H L RE Y SR 1T
wEGR G AL AN G AL TR R, SREE 8 IR
ST A SRS ACAL B ) 18 B W K B BE R
m PR AR L.

K 5(a) N CsFAMA-PSCs & L, T 4% MRl 5
) PCE I A F AL 0L, HrA X 4] (control)
VA FR IR 25 A 4 A H . 76 58 RS 55 W 45
W, XFREZH AN 2x 101 e-cm 2, 1x10% e-cm 2, 5x
10" e-cm 2 48 MR A ML I 2003850 1) R 45 F WD R R00R
B 97.9%, 95.1%, 91.3% H1 55.4%, FLHAHIT 1x
10 e-cm 2 BY B ) 5 HL 4 FROGE FL b e RE S
e A8 71N, 1T 5 36 e 14 PR SR B R 2 A P Tl rh
P T | A K BBE, KR I T 20 F AR5
PR A, FFRRAR T 2R T RS R A Ay, M

28 I' ] Pristine
72 After 200 h

[\
S
T

Jso/(mA-cm2)
N
S

16 | 23.25 £0.87
.

0.75 | %

FF
o
3
6

0.65 |

0.60 - 0.762 +0.022
,

1.25
1.2
0>
~
N
1.15
1 £ 0.008 11.10
24
O
g 3
o) 20 m
O
[a
Atmosphere
Temperature: 25 °C 116
Relative humidity: 30%—40%
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Bl 4 CsFAMA-PSCs 76 R 7766 200 h TS B SLAR 1 BES HL
Fig. 4. Photovoltaic performance parameters of CsFAMA-PSCs before and after storage in the atmosphere for 200 h.
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g v i el
< 10t = | 10 g
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5% 1015 e-cm™2 v o 5% 10 e.cm™ &,
1 1 1 1 1 0 AAAAAA 1 1 1 1 T4y O
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5
W PSCs 19 J-V A (c) EQE i<k

M, 748 IS CsFAMA-PSCs i PCE F 4K 1. J-V il 1 EQE #h £k

(a) FERTEIZEfL A PCE B4 F; (b) $RIEJE 64 K

Fig. 5. PCE remaining factor, J-V curves and EQE curves of CsSFAMA-PSCs after electron irradiation: (a) Time-dependent PCE re-
maining factor; (b) J-V curves and (c) EQE curves of PSCs at 64 days after irradiation.

ELA T i RE. BEE H AR A B AT
5 x 10" e-cm 2 $E IR PSCs MEREZR WK E , K2y
— JE R 52 BN R AR R 80% LA b i R 2k
(A BB RS PRI T 0, F A IR 1) CsFAMA-
PSCs J& B A 57 i) F 4 R PERERRUE 1.

T PR S ER AT R BHBE FR ) H T R
AIEEYE, FEE BRSO AT A xR SR EREHE T T IR
R, P RS A HL bR R BRI 25 <C,
FH XTI B R 30%—40% B9 RSB k47 A 4R
5 b 3. 7E T4 RSO0 45 5 5 64 R H
Pk AR b A B, X REAE AT 2% 10 e-om 2, 1x
10" e-cm 2, 5x 10" e-cm 2 55 AR 4 L 19 ~F 2 g
T AR R 19.70%, 19.12%, 18.76% Fi
17.29%, 43 WOREE T AR 94.6%, 93.8%,
91.4% H1 84.8%, HAERESHU L 1, LAY H qth i)
J-V £ EQE thZean&l 5(b) FEl 5(c) fizs. i
1 % R L MEREA HE T, R ad 1x10% e-cm 2 [
L T4 BB X CsFAMA-PSCs 38 B S0R ZE I8 A
5%. 1€ ASRBFRGE R, 40 BRI S A T A

SEARNEE B L F28 B S ER T R S5 o R b
TSR BA PP ARTE B T HT A B B, AN ] 336 (1) F 25
PRI T OEA R T RS, RIS T
) PCE. M3 1 xF e BAR O GIRERES 50T
PIR I, SRR i 4 PR I T Pl b 9 S o P
MEE ., HIREXT V, A FF A — & e
FH. S5 G5E H FHR IR X CsFAMA 315 g 41 41
SR FU M BTG B SR R 1 SR 25 R A
1Y LR IROAT DU B - 0 RS B ey Y
AT, ARG ER A it AR RS A R 5 AR R A T S
BCEABEE, Wl e BRBE AL L, R
) FEL BELRT0TRE , 42 5 L P RO R ey, NI el 7
L, PG T 4% L PR FTEL S8 PR 7. T e 791 P T TR i
S A I R BV BE A g, AR AR b R A TR
& N AR FNE 22 i FLF-REREBABIE, 52 T B -1 %iis
1528, PRUTGT E 3l ) e M R A T AR ). (R
R 7E 5x 10 e-cm ? [ & 7l R BT, A Y F
FET S F A RAYE 50 4R A FE IR &, CsFAMA-
PSCs {5 B4 17.29%+1.06% (i BB, 4
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#£1 HWTFERE 64 K CsFAMA-PSCs HGHRPERES S

Table 1.  Photovoltaic performance parameters of CsFAMA-PSCs 64 days after electron irradiation.
L4 R A /(10 e-cm?) Jof/ (mA-cm2) Voe/V FF PCE/%
Control 23.934-0.16 1.18940.015 0.6924-0.025 19.70+£1.08
2 22.6340.67 1.192+0.008 0.7094:0.030 19.124-0.94
10 22.154-0.16 1.18740.014 0.71340.032 18.76+£1.17
50 22.53+£0.47 1.151+0.013 0.6664-0.028 17.29+1.06

FF 729 85% WIRIIRECR, FEBL T I iy i 14 IR
A EETE.

4 % #

ASCHETR A PH B 558k v 5 S H K FH fig
HLMHL T T 100 keV B9 HL THRIRSCE:, REGEHLBIGT
TR R RE A TE AR, IR TR AN R IR
PO HLER, [ X6T I PH G ALt rr) P4 R AT Sk
177 L5 VEAG. IR S5 R, A5 ek R AE i+
R R IR S5 AR e v, FLYARSEH | 43
TEE GRS A th BT B AR Ak, SR,
8 YRR S T Y 0 S v ) R S 4 R
Bombh 2, NS | s DA Y DA R B B S 3
FE ARG, 38 BRSSP ok 55 RN 1R %
TR TR BHES TS ER R BH AE H i R B A Y
B FHm BT S, B 28 0d 5% 10" e-cm 2 HY &1 51
ARG, AR AR IR R 17.20% IV RE R He
R, TTHERRL) 85% MIVILRRCR. SR, T £
LA S A, AR TR S F AR Y
RBP4, Rk, T S Al SRR
RO BHBE FL I A 25 T N & R, TR aes it —2
TR R L) R HE AN AL 3L

SRR R Tl R 2 [ PR AT B T o S AR [
R R SR A AR A P TR SR T IR B
SCFF.
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Abstract

Perovskite solar cells (PSCs) are considered as one of the strong contenders for next-generation space solar
cells due to their advantages of high efficiency, low cost, high specific power, and remarkable irradiation
resistance compared with those of silicon-based and III-V compound solar cells. At present, one focuses on the
irradiation effects of perovskite solar cells, but there are a few studies on the irradiation damage mechanism of
the core perovskite film. To advance the spatial application of perovskite solar cells, this study conducts a
comprehensive examination of the performance fluctuations exhibited by mixed-cation perovskite films and solar
cells under electron irradiation. Initially, the Monte Carlo method is employed to simulate and predict the effect
of electron irradiation on perovskite solar cells. Subsequently, in conjunction with the microstructure
characterization and the comparison of optical/electrical performance of perovskite films before and after
irradiation, the irradiation damage mechanism of film is elucidated and the electron irradiation reliability of
perovskite solar cells is evaluated. The research demonstrates that mixed-cation perovskite film and solar cells
exhibit outstanding resistance to electron irradiation. Even when exposed to 100 keV electron irradiation with a
cumulative fluence of 5x10% e-cm2, the PSCs maintain an average power conversion efficiency of 17.29%,
retaining approximately 85% of their initial efficiency. This study provides sound theoretical and experimental
evidence for designing the irradiation-resistant reinforcement of new-generation space solar cells, contributing to

the improvement of their operational performance and reliability in space applications.
Keywords: perovskite film, perovskite solar cells, electron irradiation, damage mechanism
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